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Description 

Method for predicting and controlling the castability of liquid 
5 steel 

The invention relates to a method for predicting and 
controlling the castability of liquid steel by analyzing the 
chemical composition of a melt to be cast, carrying out an 
10 alloy calculation and defining alloying elements and/or 

additives for obtaining specific material properties of the 
steel, and determining operating diagrams for further treatment 
of the melt. 



15 Such methods are used in the manufacture of steel. The liquid 
steel is supplied by a steelworks .* The secondary metallurgy is 
then performed in a ladle furnace arranged upstream of a thin- 
strip continuous casting machine. In addition, certain 
secondary metallurgical equipment is provided in/on the ladle 

20 furnace for metallurgical treatment of the liquid steel. This 
equipment can be used to perform precise analyses of the melt 
and also for precise thermal conditioning of the melt. The 
liquid steel is treated in the ladle furnace by adding alloying 
agents, slag formers, reduction agents, desulfurization agents, 

25 etc., where these additives are added automatically or 

manually. In addition, the slag can be treated by adding oxygen 
or by rinsing with an inert gas such as argon. The liquid steel 
can be stirred electromagnetically in the ladle, and electrical 
energy can also be supplied to it via carbon electrodes. The 

30 arc passing from the electrodes to the melt causes the alloying 
elements to melt and enables the thermal conditioning of the 
melt. 

In order to manufacture from the melt a specific steel quality 
35 having defined material properties such as strength, toughness, 
hardness, corrosion resistance etc., it is necessary to add 
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metal and non-metal alloying elements and additives. 
Mathematical models are used for this purpose, said models 
calculating from a latest analysis of the melt the material 
composition of the required alloying elements and additives in 
5 order to obtain a very specific steel quality. The proportions 
of the metal and non-metal elements are thereby set in a 
defined band. Additional strength formulae that take account of 
the interactions between the alloying elements and additives in 
the melt are applied in a quality center in order to assess the 

10 expected material properties. These formulae are mainly 

empirical. In conventional works comprising steelworks, ladle 
furnace and continuous casting machine, such calculations of 
the interactions of the additives and alloying elements are at 
best performed offline in quality centers. The strength 

15 formulae and empirical formulae cited in the literature are 

simplified models for the complex interactions of the alloying 
elements and additions that influence the material properties 
of the cast steel. 

20 Thin-strip continuous casting machines mainly manufacture steel 
strips having a strip thickness of up to 10 mm. The melt is 
conditioned following an analysis in a similar way to in 
conventional machines. It has been found, however, that in 
thin-strip continuous casting machines, the castability of the 

25 liquid steel is far more problematic than in conventional 
casting machines, e.g. in continuous casting machines for 
slabs . 

Liquid steel is designated as uncas table if the cast strip 
30 cracks e.g. when casting in the thin-strip continuous casting 
machine, the cast material exhibits surface defects or 
structural faults of a general nature and it causes plant 
breakdowns as a result of the uncas table liquid steel e.g. 
sticking to the casting rollers etc. Until now, attempts to 
35 solve these problems with the castability have largely been 

made in the thin-strip continuous casting machine itself. These 
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attempts were only partially successful, however, because many 
melts proved uncastable. 

The invention is therefore based on the problem of improving 
5 the method for predicting and controlling the castability of 
liquid steel so as to significantly reduce the failure rate. 

In order to solve this problem, in a method of the type 
specified in the introduction it is provided according to the 
10 invention that the interactions of the alloying elements and/or 
' additive elements influencing the castability are taken into 
account in the alloy calculation as supplementary conditions. 

The invention is based on the surprising discovery that 
15 interactions between the alloying elements and/or additive 
elements exist that are not only relevant to the mechanical 
properties but also to the castability of the melt. These are 
new and different interactions that are independent of the 
known interactions taken into account up to now. According to 
20 the invention, the usual interactions must be taken into 
account in the alloy calculation as before, i.e. the 
proportions of the individual alloying elements and additives 
must lie within defined valid ranges. In addition, the 
supplementary conditions, which are derived from the 
25 interactions and influence the castability, must be taken into 
account . 

In the method according to the invention it has proved 
particularly advantageous if at least two alloying elements 

30 and/or additives at a time are related to each other to 

determine the effect of their proportions on the castability. 
Two materials at a time are related to each other in an x-y 
coordinate system on the basis of data gathered from melts 
already cast. The relative proportions of the melts, for 

35 example in percent or in PPM, are plotted along the axes. In 

addition, a tolerance band specifying the minimum value and the 
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maximiam value for each element is specified for each alloying 
element and/ or each additive in the form of straight lines 
parallel to the axes. When the interactions are not taken into 
account, a rectangular intersecting* set defined by the 
5 intersecting straight-line segments is obtained. In addition, 
the current proportions of the two alloying elements 
represented are plotted in the coordinates system, this 
instantaneous value being symbolized by a point. It is then 
immediately obvious in the graph whether the melt does or does 

10 not lie within the tolerance band. In order to obtain a 

castable melt, however, it is not enough for the melt to lie 
within the permitted range. According to the invention, those 
interactions that influence the castability of the melt must 
also be taken into account. In order to be able to take into 

15 account the data gathered on the melts, it is provided in the 
method according to the invention that the information 
"castable" or "uncastable" is assigned to each cast melt. 

Using this information, it is provided in the method according 

20 to the invention that, based on the data gathered on cast melts 
and based on the alloying elements and/or additives related to 
each other, at least one permitted range, within which a 
castable melt is expected, is defined for the proportions of 
alloying elements and/or additives. This permitted range is a 

25 subset of the aforementioned range for which only those 

interactions that influence the material properties are taken 
into account. It has proved, however, that the first, larger 
range cannot be fully used because, owing to the interactions 
that influence the castability, problems arise in many cases so 

30 that the melt is uncastable. Hence, the range that specifies 
the permitted proportions of the individual alloying elements 
and additives must be adjusted to take into account the data 
gathered on melts already cast, i.e. must be reduced in size. 
If the gathered data is taken into account, with each melt 

35 being assigned the information "castable" or "uncastable", then 
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it is possible to define specific ranges as permitted in which 
those melts lie that have proved castable in the past. 

In order to minimize the computing overhead, it can be provided 
5 in the method according to the invention that the permitted 
range for the proportions is defined as an intersecting set of 
a plurality of inequalities. The whole x-y surface of the 
coordinate system can be divided into two sections by an 
inequality, namely into a valid and an invalid region. An area 
10 on one side of a straight line is the graphical equivalent of 
an inequality. In addition, the coordinate axes can be used to 
define permitted ranges, because, since the alloying elements 
can only ever assume positive values, only the first quadrant 
need be considered. 

15 

In the method according to the invention, it will be necessary 
in general to define the permitted range as an intersecting set 
of a plurality of intersecting straight lines. Assuming the 
axes of the coordinate system are not taken into account, at 
20 least three straight lines are required in order to define the 
range uniquely. In practice it' has proved that more than three, 
in particular four, inequalities are often required for a 
sensible definition of the range. 

25 The method according to the invention can be implemented 
particularly quickly and in part automatically If the 
interactions of the alloying elements and/or additive elements 
are implemented as mathematical models in a computer system. 
The calculation and graphical representation of the ranges 

30 require comparatively little computing time, so that it can be 
established immediately after performing a melt analysis 
whether the proportions of the individual alloying elements and 
additives lie in the permitted range or whether additional 
treatment steps are required. According to a further embodiment 

35 of the invention, it can also be provided that the method 

according to the invention for predicting and controlling the 
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castability of liquid steel is performed automatically by the 
computer system iteratively. 

It can also be provided in the method according to the 
5 invention that fuzzy logic methods are used for the 

mathematical models. Alternatively or additionally it can be 
provided that neural networks are used for the mathematical 
models. 

10 In order to keep the computation overhead for implementing the 
method within bounds, it can be provided that a preselection of 
those alloying elements and/or additive elements that influence 
the castability of the melt is made for the alloy calculation. 
Studies have shown that only some of the alloying elements 

15 influence the castability. If a melt comprises ten elements, it 
would be necessary to investigate the first element with the 
remaining nine elements, the second element with eight 
elements, etc., so that a large number of element pairs would 
need to be taken into account. It is therefore practical to 

20 take into account only those alloying elements and/or pairs of 
alloying elements and/or additive elements that actually 
influence the castability of the melt. The number of element 
pairs to be taken into account can be reduced significantly in 
this way. This also reduces the number of inequalities i.e. 

25 boundary conditions to be taken into account, which simplifies 
the solution of the equation systems. 

According to one version of the method according to the 
invention, it can be provided that interactions between the 
30 following alloying elements and/or additives are taken into 

account in the alloy calculation: C, Si, Mn, S, Al, N, Zn, O2- 
It has been found that the restriction to these eight alloying 
elements and/or additives is sufficient to achieve a 
considerable improvement in the castability. 

35 
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The method according to the invention can be einbodied in such a 
way that interactions of the following pairs of alloying 
elements and/or additives are taken into account in the alloy 
calculation: N/O2, Zn/02, S/Zn, C/Zn, Mn/S, Mn/N, Si/C, Al/C, 
5 in particular Si/02, S/O2/ AI/O2, S/C, N/C. In theory, 28 pairs 
can be combined from the eight selected alloying elements 
cited. It' has proved, however, that only 13 of these pairs 
influence the castability. Of these, five pairs of alloying; 
elements or additives have a serious effect on the castability. 
10 Even if only these five pairs are taken into account with a 
view to achieving an efficient method it is still possible to 
achieve excellent results as regards predicting and controlling 
the castability. 

15 In the method according to the invention, it can be provided 
that the permitted range for one or each alloying element 
and/or one or each additive that results in a castable melt and 
the actual value measured in the melt are shown on the same 
graph. The actual value can be plotted in the graph as a point 

20 or a cross or the like, so that an operator can see at a glance 
whether it does or does not lie within the permitted range. 
This graph is shown for each of the value pairs to be taken 
into account, so that an operator identifies whether all the 
boundary conditions that influence the castability are 

25 satisfied, or else he identifies for which alloying elements 
further treatment is required e.g. by adding more of the 
alloying element. In addition, it can be provided that the 
permitted range for an alloying element and/or an additive 
resulting from the desired material properties is shown. 

30 

It is useful if in the method according to the invention an 
updated actual value of an alloying element or an additive is 
shown after a treatment step carried out on the melt. This 
makes it immediately possible to check whether the treatment 
35 step has led to the desired success. 
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Likewise, it can be provided that after a plurality of 
treatment steps carried out on the melt, the respective actual 
values of an alloying element or an additive are shown as 
points connected together by straight-line segments. 

5 

The method according to the invention can be used particularly 
advantageously in a thin-strip continuous casting machine 
operating on the principle of the twin-roller casting process. 

10 In addition, the invention relates to a control device for a 

secondary metallurgical machine, in particular a ladle furnace, 
having a means for analyzing the chemical composition of a melt 
to be cast, a means for carrying out an alloy calculation to 
define alloying elements and/or additives in order to obtain 

15 specific material properties of the steel, and means for 

determining operating diagrams for further treatment of the 
melt. 

According to the invention, the control device is embodied to 
20 carry out the method described. 

■ Further advantages and details of the invention are described 
using an exemplary embodiment with reference to the drawings, 
in which: 

25 

Fig. 1 shows the flow diagram for the method according to 
the invention; 

Fig. 2 shows a graph of the ranges of two alloying elements 
30 where the interactions are taken into account; 

Fig. 3 shows a diagram showing the proportions of the 

elements sulfur and carbon dioxide, and the cas table 
range ; and 

35 
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Fig. 4 shows a diagram showing the proportions of the 

elements silicon and oxygen, and the castable range. 

The diagram shown in Fig. 1 shows the flow diagram of the 
5 method for predicting and controlling the castability of liquid 
steel. 

The method starts with a melt analysis to determine the 
chemical composition of the melt to be cast. For the melt 

10 analysis, the melt is held in a ladle furnace arranged upstream 
of a thin-strip continuous casting machine. The metallurgical 
treatment of the liquid steel for setting the required material 
parameters is carried out in the ladle furnace. Electrical 
and/or thermal energry can be supplied to the melt via graphite 

15 electrodes in order to trigger specific chemical reactions. The 
melt can be stirred electromagnetically in the ladle furnace. 
Alloying elements and additives such as slag formers, reduction 
agents, desulfurization agents etc. are added automatically or 
manually. In addition, there is the facility to rinse the 

20 liquid steel with an inert gas such as argon or to supply 
oxygen . 

After carrying out the melt analysis, an alloy calculation 1 is 
performed in order to set metal and non-metal alloying elements 

25 in a defined band. The alloy calculation is used to calculate 

the type and quantity of the additives and alloying elements in 
order to be able to modify and treat the batch of liquid steel 
currently in the ladle furnace so that it meets the 
requirements. First, the individual alloying elements must be 

30 present in the correct proportion i.e. in the correct 

concentration, where tolerance bands having a lower and upper 
limit exist for each element. In this method, interactions 
between the alloying elements and additives that influence the 
castability are additionally taken into account. The 

35 mathematical models used in the alloy equation 1 take into 
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account these interactions, so that the melt is extremely 
likely to be castable after the treatment. 

From past experience it was found that when using conventional 
5 methods, although a melt did satisfy the requirement regarding 
the material properties of the finished steel, surface defects 
still occurred or the steel adhered to the casting rollers, for 
example, so that the melt had to be rejected as uncastable. 

10 Information about the castability is available after performing 
the alloy calculation 1. If it was calculated that the melt is 
castable, the method continues with the determination of 
operating diagrams 2 for the electric -arc furnace tapping and 
the ladle furnace. If the result of the alloy equation 1 is 

15 "uncastable", more alloying elements or additives, for example, 
must be added, or treatment steps such as the addition of an 
inert gas or oxygen are required. Depending on the prediction 
as to the castability of the liquid steel, the operating 
diagrams for operating the ladle furnace are determined, and 

20 stipulations are made as to the addition of metal and non-metal 
additives and the further treatment. The inclusion of the 
interactions that influence the castability results in 
supplementary conditions for the operating diagrams or to a 
change in an operating diagram. The operating diagrams are 

25 deteimined for the ladle furnace and the secondary metallurgy. 

This procedure is advantageous with regard to selecting the 
melts. If .a melt proves to be uncastable, or if the measures to 
produce the castability are too complex, then a decision can be 
30 made to reject the melt. In this case, the melt would need to 
be processed again in the steel works. This procedure avoids 
costs of mistakes made in production and saves resources. 



If it is identified that the melt can be brought into a 
35 castable state by metal or non-metal additives, and if this 

procedure is not too complex, then the castability of the melt 
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can be achieved using the determined operating diagrams for the 
ladle furnace and the secondary metallurgy. In this case as 
well there is the advantage of avoiding costs of mistakes in 
production and saving resources. 

5 

If it is identified that the melt is castable, the melt can be 
treated in the ladle furnace using the operating diagram 
intended for it, and can be released for the thin-strip 
continuous casting machine. 

10 

If it is identified that the melt can be set even more 
beneficially metallurgically by taking into account the 
interactions influencing the material properties, this can be 
done while maintaining the castability. This has the resultant 
15 advantage that the melt can be set optimally metallurgically 
taking into account the castability. Once again in this case, 
costs of mistakes in production are. avoided and resources 
protected. 

20 As can be seen in Fig. 1, control parameters for the further 

treatment of the melt are obtained through the determination of 
the operating diagrams 2 . 

Fig. 2 shows a graph of the ranges of two alloying elements 
25 where the interactions that influence the castability are taken 
into account - 

The ranges for the proportions of the elements x and y 
respectively are plotted along the x-axis and y-axis 

30 respectively. The range of each element is limited by two 

straight lines parallel to the axes, which define the minimum 
and maximiim concentration respectively of the given material in 
the melt. If the analysis value of the melt lies within the 
intersecting set of these straight lines, the requirements for 

35 the material properties are satisfied. 



2003-P11654WOUS 

12 

It is not sufficient, however, merely to take" into accoiint the 
requirements for the material properties. In addition, the 
interactions that influence the castability must be considered. 
In Fig. 2, the cas table region is shovm by the straight-line 
5 segments 3, 4, 5. A melt that not only satisfies the material 
properties requirements but also the castability requirements 
must lie in the intersecting set of both areas. This valid 
region 6 is shown hatched in Fig. 2. 

10 From a melt analysis, a value 7 is known that satisfies the 

conditions for the conventional casting operation as far as the 
material properties are concerned, because it lies within the 
range of the elements x and y. It does not lie within the valid 
region 6, however, so it is likely that this melt will be 

15 uncastable. 

The analysis of another melt has produced the value 8 that lies 
within the valid area 6. This means that not only are the 
material properties requirements satisfied, because the two 
20 elements x and y lie within the respective tolerance ranges, 
but also the castability is established because the value 8 
lies within the straight-line segments 3, 4, 5. As far as these 
elements x and y are concerned, the melt can be cast. 

25 This investigation, explained using the elements x and y by way 
of example, must be carried out for all relevant value pairs, 
all of which must lie within the valid range. The following 
value pairs must be investigated as a minimum: Si/02 # S/O2, 
AI/O2; S/C, N/C. If the investigation of these conditions leads 

30 to the result that all the elements lie within the valid 

ranges, it is highly likely that the melt is castable. If any 
value does not lie within the valid range, another treatment 
step is required, for example by adding an alloying element. It 
must be realized, however, that the proportions or, as the case 

35 may be, concentrations of the other alloying elements and 
additives to be taken into account are also affected by the 
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addition of an alloying element. These interrelationships are 
generally non-linear and complex. The mathematical models that 
take into account these interactions that influence .the 
castability therefore include methods such as neural networks 
5 or fuzzy logic. Hence in general an iterative calculation, i.e. 
an optimization calculation is carried out in order to achieve 
the objective using the minimum quantity of alloying elements 
and/or at minimum cost. 

10 Fig. 3 shows a diagram of the proportions of the elements 

sulfur and carbon. The concentration of carbon in the melt is 
plotted along the x-axis, and the concentration of sulfur along 
the y-axis. The triangular area 9 shown in Fig. 3 shows the 
region of castability of the element pair sulfur /carbon. The 

15 first analysis value 10 lies outside the triangular area 9 i.e. 
the melt is not castable in this state. Hence a treatment of 
the melt is carried out, for instance by adding an additive in 
order to increase the proportion of carbon and reduce the 
proportion of sulfur. An analysis is carried out again after 

20 this treatment, resulting in the analysis value 11. Although 
the proportions of these two elements now lie near the region 
of castability, a second treatment step is still necessary 
until the analysis value 12 is obtained. The analysis value 12 
lies within the triangular area 9, i.e. within the castable 

25 region. It must be ensured at the same time, however, that the 
other elements and/or pairs of elements to be taken into 
account lie within their valid regions. 

Fig. 4 shows the proportions of the elements silicon and oxygen 
30 and the castable region. 

Unlike in Fig. 3, the castable region 13 in Fig. 4 is defined 
by a plurality of straight-line segments that do not form an 
enclosed area. In some cases, the castable region can also be 
35 defined by parabola segments or segments of trigonometric 
functions. The aim should, however, be to define the valid 
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regions by straight-line segments in order to keep the 
computing overhead within bounds . 

The first analysis value 14 lies outside the castable region 
5 13. After treatment of the melt the analysis value 15 was 

obtained, in which although the oxygen content was increased, 
it was too high, with the result that the value 15 again lay 
outside the castable region 13. The analysis value 16 that 
meets the conditions for the elements silicon and oxygen was 
10 only measured after another treatment step. 

In the method it is provided that the diagrams for the five 
most important pairs of elements are displayed simultaneously 
to the operator on a display. In addition, the analysis values 
15 for individual alloying elements or additives can be displayed 
as numerical values in a table. By this means the operator can 
see at a glance which values are already acceptable and which 
values require further treatment. 

20 After each melt the measured values of said melt are saved in a 
database so that the mathematical models can have recourse to a 
constantly growing database, thereby increasing the prediction 
probability. 



25 



